Introduction
============

During S phase of the cell division cycle, the genome must be precisely duplicated, with no regions left under-replicated so genomic integrity can be maintained. This is an intrinsically challenging task, even apart from environmental insults, because progression of replication forks can be slow or problematic at specific genomic loci ([@bib40]; [@bib6]). Natural replication barriers include non-B structured DNA, repetitive sequences, protein--DNA complexes, and DNA lesions ([@bib6]). Non-B DNA structures formed within expanded microsatellites stall replication fork progression in vivo, and a causal link between non-B DNA structure formation, replication fork stalling, and genome instability has been demonstrated in microsatellite expansion disease etiology ([@bib30]; [@bib26]). If active replication origins are deficient in the vicinity of a stalled fork, this increases the possibility of incompletely replicated regions or unresolved replication intermediates, which may evolve into chromosomal breakage. Chromosomal common fragile sites (CFSs) have received particular interest in recent years because they are frequently sites of structural rearrangement in tumors ([@bib12]; [@bib5]) and their instability constitutes one of the earliest events of oncogenic transformation ([@bib2]; [@bib15]). CFSs are typically relatively large (several hundred kb) regions of chromosomal DNA that can be replicated in late S phase. Unlike rare fragile sites, which are caused by expansions of tandem repeat sequences, expanded repeat sequences have not been identified in CFSs ([@bib12]). However, several CFSs have been shown to contain AT-rich regions predicted to generate islands of increased DNA flexibility ([@bib22]), and a recent study identified G-negative chromosomal banding patterns, increased distance from the centromere, CpG island depletion, and the presence of Alu repeats (associated with mononucleotide repeat sequences) as genomic predictors of CFSs ([@bib14]). Despite the importance of CFSs as sites of structural rearrangement in early stages of cancer development, the regulation of CFS stability is still not fully understood. Recent evidence has shown that the fragility of specific CFSs can be due to a paucity of replication initiation events ([@bib20]) or can be induced by the inability to activate additional origins upon fork stalling ([@bib29]). Because CFSs are known to display gaps or breaks on metaphase chromosomes after partial inhibition of the replicative DNA polymerases, current models propose that instability arises as a consequence of challenges to fork movement, including the presence of subregions with the potential to form non-B DNA secondary structures ([@bib35]) or encounters with the transcription machinery ([@bib17]). CFS instability is enhanced in ATR-deficient cells ([@bib7]) or when Chk1 activity is compromised ([@bib13]), suggesting that the ATR pathway stabilizes replication forks stalled within fragile site sequences to ensure replication and the completion of S phase while avoiding DNA breakage ([@bib12]). Several proteins involved in the recognition and processing of DNA damage contribute also to maintaining CFS stability, notably BRCA1, RAD51, FANCD2, MSH2, WRN, and BLM ([@bib11]).

Unexpectedly, we recently discovered that a specialized translesion synthesis (TLS) DNA polymerase, Pol η, is also required for the suppression of CFS instability under conditions of unperturbed growth or upon replicative stress (low dose of aphidicolin \[APH\]; [@bib31]). Thus far, Pol η was best known for its role in responding to genome damage that arises when a cell is exposed to an extrinsic genotoxic stress, such as UV irradiation. Patients with *POL H* gene mutations are affected by the variant form of xeroderma pigmentosum (XPV), a rare, autosomal, recessive human genetic syndrome associated with sun hypersensitivity, UV hypermutability, numerous skin abnormalities, and a high level of early and multiple skin cancers on sun-exposed sites of the body. This phenotype is consistent with the biochemical function of Pol η in supporting efficient TLS across one of the major UV-induced lesions, the cyclobutane thymine dimer ([@bib23]; [@bib25]). We demonstrated that Pol η--depleted cells exhibit an elevated instability of a CFS, suggesting a new function of Pol η during normal DNA replication in unperturbed cycling cells or after partial inhibition of the replicative DNA polymerases ([@bib31]). Here, we explored the mechanistic basis explaining how Pol η can be required for maintaining CFS stability during S phase. We found that Pol η is recruited to CFS regions and that Pol η acts during S phase at stalled forks to perform efficient DNA synthesis of non-B DNA structures within these regions, preventing persistence of under-replicated DNA in mitosis and its transmission to daughter cells.

Results
=======

Pol η is recruited at CFS sequences
-----------------------------------

To evaluate whether Pol η--dependent CFS stability relies on a direct interaction of the polymerase at these sequences, we first investigated if Pol η binds to CFS regions by performing chromatin immunoprecipitation (ChIP) combined with quantitative real-time PCR (qPCR) targeted to CFSs. Because our previous findings indicated that Pol η depletion triggers FRA7H expression (translocations, amplifications, deletions) in U2OS cells under conditions of low replication stress, we performed the ChIP in FRA7H regions after treatment with a low dose of APH in U2OS cells stably expressing wild-type (WT) Pol η. The data indicate a modest but reproducible and significant enrichment of WT Pol η in genomic regions that map with two hot spots for DNA breakage within FRA7H, FRA7H.1, and FRA7H.2 ([Fig.1](#fig1){ref-type="fig"}, left panels; [@bib27]; [@bib34]). We also found that WT Pol η can be recruited directly at another hot spot for DNA breakage within FRA16D ([Fig. 1](#fig1){ref-type="fig"}, bottom left). It has been shown that Pol η is highly mobile within replication foci in the nucleus of human cells ([@bib32]). Therefore, we reasoned that the expression of an inactive form of Pol η would increase the polymerase residence time at replication forks as previously proposed ([@bib32]). To test this hypothesis, we performed ChIP analysis in cells stably expressing a catalytically inactive form of Pol η (Dead Pol η), in which we have mutated to alanines two critical active site residues vital for catalytic activity (D115A and E116A), allowing the incoming nucleotide to bind but preventing the formation of the phosphodiester bond. We found a significantly greater enrichment of Dead Pol η compared with WT Pol η in FRA7H.1, FRA7H.2, and FRA16D ([Fig.1](#fig1){ref-type="fig"}, right panels; [Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201207066/DC1){#supp1}), supporting that the detection of Pol η at CFSs can be strengthened when the catalytic activity is defective.

![**Pol η accumulates at CFSs after replication stress.** U2OS cells stably expressing WT Pol η (left panels) or Dead-Pol η (right panels) were exposed to 0.2 µM APH for 24 h and analyzed by chromatin immunoprecipitation (ChIP) followed by quantitative PCR for accumulation of WT Pol η and Dead Pol η at the indicated CFSs (FRA7H.1, FRA7H.2, and FRA16D) or control genomic regions (DHFR, GAPDH). Fold increase of chromatin immunoprecipitation (ChIP) over input DNA was calculated as a ratio between mock and Pol η for each replicate. Data are presented as mean values of three independent experiments ± SEM. The statistical significance of Pol η enrichment at CFSs in comparison to DNA control region was assessed using *t* test. P-values for ChIPs were as follows: P = 0.033 for FRA7H.1; P = 0.004 for FRA7H.2; P = 0.048 for FRA16D (WT Pol η) and P = 0.030 for FRA7H.1; P = 0.023 for FRA7H.2; and P = 0.021 for FRA16D (Dead-Pol η).](JCB_201207066_Fig1){#fig1}

Pol η can efficiently synthesize through structured non-B DNA at CFS sequences
------------------------------------------------------------------------------

One hypothesis for the recruitment of Pol η to CFSs is that Pol η directly performs DNA synthesis through structured or repetitive DNA sequences within CFSs, whose distortions might impede the elongation process by the replicative DNA polymerases. In this model, the stalled replicative DNA polymerase is replaced transiently by Pol η, which is capable of bypassing structured DNA similar to the TLS process, thus avoiding interruptions of fork progression. We tested this possibility by comparing polymerase synthesis profiles at the nucleotide level, in vitro, between purified recombinant human Pol η and the human four-subunit replicative Pol δ, on DNA sequences from FRA16D and FRA3B. The sequences analyzed are predicted to form non-B DNA secondary structures, and include: mononucleotide A/T repeats (bent DNA and slipped strand structures); AT/TA repeats (hairpin and slipped strand structures); and inverted repeats (IRs; hairpin structures). The progression of DNA synthesis through CFS-derived templates was quantified by comparing regions of non-B DNA potential to a control sequence devoid of non-B DNA structure potential. Specific pausing/stalling sites for Pols δ and η were determined as previously established ([@bib36]). We observed no significant pause sites for Pol δ or Pol η throughout the CFS control template, and measured no statistically significant difference between the two polymerases in percent transit at any time point analyzed ([Fig. 2 A](#fig2){ref-type="fig"}; P \> 0.05). Using the same reaction conditions, both Pols δ and η undergo pausing throughout the A~28~ repeat on FRA16D template 1, likely due to the formation of bent DNA and/or slipped DNA strands ([Fig. 2 B](#fig2){ref-type="fig"}). However, Pol η pausing at the A~28~ repeat was substantially less than Pol δ, and after 15 min, Pol η synthesis efficiency (77%) was significantly greater than that of Pol δ (14.7%; P = 0.0073; [Fig. 2 B](#fig2){ref-type="fig"}). No significant pausing was observed by either polymerase at the interrupted TA~24~ repeat, possibly because the TA tract may not be sufficiently long to generate a stable hairpin ([@bib10]; [@bib43]). Similarly, strong pausing was observed by Pol δ within the T~19~ repeat and at the interrupted inverted hairpin structure within the FRA16D template 2, whereas Pol η displayed only a brief pause at the base of the hairpin structure ([Fig. 2 C](#fig2){ref-type="fig"}). Quantitatively, the mean normalized percent transit for Pol δ reached only 16.4% on template 2, whereas Pol η showed significantly greater percent transit (91%) than Pol δ (P = 0.0236 and 0.0002, 5 and 15 min, respectively). We observed similar results in our analysis of pausing at the AT~25~ hairpin structure within the FRA3B template ([Fig. 2 D](#fig2){ref-type="fig"}), wherein Pol η displayed statistically significant enhanced synthesis compared with Pol δ (P ≤ 0.012). Importantly, we found that addition of the PCNA clamp and RF-C clamp loader did not increase the progression of DNA synthesis by Pol δ on the CFS-derived templates (Fig. S1, B and C). Therefore, the majority of the DNA products produced by Pol δ are terminated within the CFS sequence. In contrast, the majority of Pol η DNA products are fully synthesized through the CFS sequences. Collectively, these findings suggest that the specialized Pol η is capable of more efficiently synthesizing past CFS non-B DNA structures, and might play a similar role in vivo*.*

![**Comparison of Pol δ and Pol η pausing within FRA16D and FRA3B non-B DNA sequence elements.** Primer extension reactions were performed as described in Materials and methods with 500 fmol-1 pmol human four-subunit Pol δ or 1 pmol human Pol η; in each panel is shown pausing gels for Pols δ and η (top) and quantification (bottom); black triangles represent 2-, 5-, and 15-min time points; −, no polymerase control; +, hybridization control; TACG, dideoxy sequencing ladder; horizontal lines indicate boundaries of CFS inserts. Sequences with predicted non-B DNA potential are outlined by brackets and annotated to the left of the gels. \*, statistical significance (P \< 0.05) between percent transit on the control template and template of interest for each Pol, determined by *t* test. \#, statistical significance (P \< 0.05) between normalized percent transit for Pol δ and η on the template of interest, determined by *t* test. Bars represent mean ± SD for three (Pol delta) or four (Pol eta) independent reactions. (A) Control CFS template; (B) FRA16D template 1; (C) FRA16D template 2; (D) FRA3B template. Pol δ and Pol η were assayed in parallel on the FRA3B template, so the same control samples and dideoxy sequencing ladder are shown for both in D.](JCB_201207066_Fig2){#fig2}

One possible explanation for the observed efficient synthesis of CFS non-B DNA structures by Pol η is that the polymerase merely skips over the pause sites in an error-prone manner, resulting in deletion mutations. We analyzed Pol η fidelity by cloning and sequencing the products generated using the FRA16D template 2. Of the 105 clones analyzed, we detected only one large deletion mutation encompassing the predicted inverted repeat hairpin, and one smaller deletion near the hairpin (Fig. S1, E and F). Thus, over 99% of the Pol η reaction products retain the CFS sequence and do not contain deletion mutations (Fig. S1 E). As expected for the error-prone nature of the polymerase at the nucleotide level ([@bib24]), however, signature Pol η base substitution mutations, particularly T→C transitions, were observed throughout the CFS region (Fig. S1 E). As a control, we also analyzed the minority of products from Pol δ reactions that had completed synthesis through the CFS sequence, both in the absence and presence of RF-C. No base substitution or large deletion mutations were observed among the 124 total clones analyzed (Fig. S1, D and E). These results show that although Pol η can efficiently synthesize through non-B DNA structures, it does so with an increased probability of producing base substitution errors, in contrast to the inefficient but more accurate synthesis by replicative Pol δ. This biochemical trade-off may be essential in ensuring complete replication of CFS non-B DNA structures in the cell.

Pol η deficiency leads to DNA replication delay and persistence of under-replicated regions in mitosis
------------------------------------------------------------------------------------------------------

Collectively, the results presented above are consistent with the idea that Pol η is recruited to CFSs during S phase in the absence of external stress or after inhibition of the replicative polymerases in order to replicate subregions containing structured DNA within CFSs. We speculate that deficiency of Pol η in human cells would result in under-replicated DNA at CFSs, contributing to their instability. To test this hypothesis, we were inspired by several recent studies showing that late completion of DNA replication at fragile sites is involved in their fragility, and that under-replicated regions or unresolved replication intermediates at fragile sites can escape checkpoint mechanisms, persist into mitosis as FANCD2-associated chromosomal sites, and be transmitted to daughter cells in 53BP1-shielded nuclear bodies ([@bib8]; [@bib28]; [@bib16]; [@bib21]). Our findings that Pol η is recruited at CFSs and can efficiently synthesize subregions of CFSs prompted us to analyze the replication completion of these sites and the persistence of under-replicated regions in mitosis in Pol η--deficient cells. Unresolved replication intermediates at fragile sites in mitotic cells were identified by FANCD2 staining and the delayed replication of these regions was assessed with an in situ EdU incorporation assay. We analyzed EdU incorporation and FANCD2 spot persistence in Pol η--depleted U2OS (ShPolη) cells compared with the mock-depleted cells (ShCtrl) as well as in XP30RO cells from an XPV patient, compared with their Pol η--complemented counterpart (XPV+Pol η). For the delayed replication experiments, untreated or APH-treated cells were pulse-labeled in vivo with the thymidine analogue EdU for 45 min immediately before cell fixation, and mitotic cells at prometaphase and metaphase were analyzed for EdU incorporation. EdU incorporation observed in mitotic cells was confirmed by co-staining cells for phospho-histone H3 ([Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201207066/DC1){#supp2}). Most untreated mitotic cells were EdU negative, as expected to be the case in cells where DNA replication was completed before the EdU pulse, i.e., at least 45 min before mitosis. However, we could detect one or two discrete EdU spots in some of the mitotic cells (17 ± 3% of mock-depleted vs. 25 ± 4% of Pol η--depleted cells and 9 ± 2% of XPV+polη vs. 14 ± 3% of XPV; [Table 1](#tbl1){ref-type="table"}). Most of the EdU spots coincided with or were adjacent to the FANCD2 mitotic spots ([Fig. 3 A](#fig3){ref-type="fig"}), indicating that active DNA synthesis takes place in the FANCD2/EdU-positive sites within 45 min of metaphase, i.e., in late G2 or early M. Next, we analyzed the EdU incorporation and FANCD2 spot frequency after inducing a low level of replicative stress (200 nM APH). FANCD2 monoubiquitination in response to APH treatment was similar in Pol η--proficient and --deficient cells, indicating no obvious defect in replicative stress response (Fig. S2 B). The frequency of both EdU- and FANCD2-positive mitotic cells increased after APH treatment. However, deficiency of Pol η induced a reproducible shift toward mitotic cells with a higher number of EdU and FANCD2 spots, with a significant increase of mitotic cells presenting \>40 or \>20 EdU spots (Pol η--depleted cells and XPV, respectively) and \>40 FANCD2 spots ([Fig. 3 B](#fig3){ref-type="fig"}), indicating a delay in replication completion and an increased persistence of late replication intermediates after APH treatment in the absence of Pol η ([Fig. 3 B](#fig3){ref-type="fig"}). These data support the notion that completion of CFS replication can occur in late G2-M, notably within 45 min of metaphase. Replication completion is further delayed in the presence of APH, leading to an increased occurrence and frequency of late replicating regions. This phenotype is exacerbated in the absence of Pol η, suggesting that a delayed replication completion and persistence of replication intermediates in mitosis could account for the observed instability at fragile sites in Pol η--deficient cells. To confirm the persistence of under-replicated DNA in mitosis, we next quantified 53BP1 body formation in G1 daughter cells, hallmark of incomplete DNA replication during the previous cell cycle ([@bib16]; [@bib21]). As already reported ([@bib16]; [@bib21]), we verified that depletion of ATR increases formation of 53BP1 nuclear bodies whereas disruption of SMC2, necessary for the stability of condensed chromatin, reduces the number of 53BP1 nuclear bodies (Fig. S4 B). By following similar experimental procedures, we showed that Pol η--depleted cells and XPV cells displayed an increased number of 53BP1 nuclear bodies in G1 in response to APH treatment compared with their counterpart control cells ([Fig. 3 C](#fig3){ref-type="fig"}, [Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201207066/DC1){#supp3}, and [Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201207066/DC1){#supp4}), albeit at a lesser extent compared with ATR depletion. A significant increase in 53BP1 bodies was also observed in unstressed U2OS ShPol η cells, whereas this increase was less significant in XPV cells ([Fig. 3 C](#fig3){ref-type="fig"}, Fig. S3, and Fig. S4 A). This could be due to the existence of adaptation pathways in patient-derived cells that completely lack Pol η function, leading to compensatory mechanisms in unstressed conditions. We conclude from these experiments that the absence of Pol η is sufficient to increase the vulnerability of fragile genomic regions, spontaneously or exposed to low level of replication stress, by delaying replication completion at these sequences.

###### 

EdU incorporation and FANCD2 spot frequency in untreated mitotic cells

  Cell lines    EdU-positive mitotic cells   EdU spots/cell   FANCD2-positive mitotic cells   FANCD2 spots/cell
  ------------- ---------------------------- ---------------- ------------------------------- -------------------
  U2OS ShCTRL   17 ± 3%                      1.8              25 ± 4%                         2.2
  U2OS ShPolη   25 ± 4%                      2                37 ± 4%                         2.2
  XPV+Polη      9 ± 2%                       1.1              31 ± 4%                         2.3
  XPV           14 ± 3%                      1.7              38 ± 4%                         2.5

Asynchronously growing cells were labeled with EdU for 45 min, fixed, and stained with a FANCD2-specific antibody. Mitotic cells at prometaphase and metaphase presenting an EdU signal or discrete FANCD2 staining (EdU or FANCD2 spots) were scored as positive. Data are the mean ± standard errors from three independent experiments (*n* = 150).

![**Pol η deficiency leads to DNA replication delay and persistence of under-replicated regions in mitosis and G1.** (A and B) EdU incorporation and FANCD2 staining in untreated or APH-treated mitotic cells. (A) Representative images of DAPI (grayscale), EdU (grayscale), FANCD2 (grayscale), FANCD2 (red) + EdU (green) merged image, FANCD2 (red) + EdU (green) + DAPI (blue) merged image in mock-depleted and Pol η--depleted U2OS cells (left panels), XP30RO cell and XP30RO cells stably complemented with the WT Pol η (right panels). Bar, 10 µM. (B) Quantification of EdU and FANCD2 spot distribution in the indicated APH-treated mitotic cells as indicated in Materials and methods. The frequency of mitotic cells at prometaphase and metaphase presenting the indicated number of EdU or FANCD2 spots is reported. Error bars represent standard error. \*, P \< 0.05; \*\*, P \< 0.01 with the χ^2^ test. (C) Histograms: quantification of 53BP1 bodies in G1 nuclei from the indicated cell lines, untreated or treated with 0.2 µM APH. Cyclin A--negative cells were scored and classified in the indicated categories based on the number of 53BP1 nuclear bodies. The data shown are from a single representative experiment out of three repeats. For the experiment shown, *n* = 100; example of images of the 53BP1 bodies (red), cyclin A (green), and DAPI (blue) staining from APH-treated Pol η--depleted cells is shown on the right. Images were obtained from a microscope (63× objective, model DMLA; Leica). Bar, 10 µM.](JCB_201207066_Fig3){#fig3}

Pol η deficiency induces a checkpoint-blind replication stress
--------------------------------------------------------------

We next reasoned that under-replicated DNA at CFSs persisting into mitosis in the absence of Pol η may result from forks stalled within CFSs that escape the ATR/Chk1 replication checkpoint. We first addressed this issue in Pol η--depleted U2OS cells by monitoring replication protein A (RPA) focus formation, an indicator of endogenous ssDNA accumulation due to fork stalling. Pol η--deficient cells showed higher levels of RPA focus formation ([Fig. 4 A](#fig4){ref-type="fig"}, left) and a significant increase in the number of RPA foci per nucleus ([Fig. 4 A](#fig4){ref-type="fig"}, middle and right) as compared with control cells containing Pol η, supporting that the absence of Pol η triggers a prolonged fork arrest. However, when we assayed Pol η--depleted cells for Chk1 phosphorylation on serine 345, the main effector of the ATR checkpoint pathway ([@bib44]; [@bib9]), we failed to detect a chronic activation of the replication checkpoint ([Fig. 4 B](#fig4){ref-type="fig"}). This result suggests that the absence of Pol η is not sufficient to activate the replication checkpoint, despite the increased level of ssDNA. We confirmed the absence of chronic Chk1 phosphorylation in XP30RO cells as compared with their Pol η--complemented counterpart ([Fig. 4 C](#fig4){ref-type="fig"}, compare lanes XPV and XPV+WT Pol η). These findings support the hypothesis that loss of Pol η may trigger CFS instability through a mild replicative stress that escapes the replication checkpoint.

![**Analysis of the replication stress in Pol η--deficient cells and Dead Pol η--expressing cells.** (A) Left and middle: mock-depleted (ShCtrl) and Pol η--depleted (ShPolη) U2OS cells were randomly acquired with wide-field microscopy (*n* \> 70 cells) in three independent experiments. Quantification of RPA-positive nuclei (right) and number of RPA foci per nucleus (middle) was performed in PCNA foci--positive nuclei (S phase). For the quantification of RPA-positive cells, the p-value was determined with the t-test (\*, P = 0.019; standard deviations are indicated by error bars. The number of RPA foci per nucleus was counted with ImageJ software (*n* = 234; National Institutes of Health). The p-value was determined with the non-parametric Mann-Whitney test (\*\*\*, P \< 0.005). Right: example of images from ShCtrl and ShPolη cells immunostained with anti PCNA (red), anti RPA (green), and DAPI (blue). Triton preextraction was performed before fixation. Bar, 10 µM. (B) Analysis of Chk1 phosphorylation in Pol η--depleted U2OS cells. Anti-Pol η, P-Chk1(ser 345), and Chk1 immunodetection on whole extracts from U2OS cells treated with UV (20J/m^2^, 6 h) as positive control for Chk1 phosphorylation, U2OS cells untreated and U2OS cells mock depleted (ShCtrl), or Pol η--depleted (ShPolη). Chk1 serves here as a loading control. (C) Extracts from XPV cells, XPV cells stably complemented with Pol η WT (XPV+Polη WT), or the Dead form of Pol η (XPV+Polη Dead1 and XPV+Polη Dead2) were fractionated and the soluble fractions were analyzed by immunoblotting for the detection of Pol η, P-Chk1(ser 345), Chk1, and α-tubulin as loading control. (D) The chromatin fraction from extracts described in C were analyzed by immunoblotting for RPA level into the chromatin. ORC2 was used as a loading and fractionation control. (E) Requirement of PIP and UBZ domains of Dead Pol η for its ability to activate the replication checkpoint. Extracts from XPV cells, XPV cells stably complemented with wild-type Pol η (XPV+WT Polη), Dead Pol η (XPV+Dead Pol η), D652A-Dead Pol η (XPV+Flag-D652A-Dead Pol η), ΔPIP-Dead Pol η (XPV+Flag-ΔPIP-Dead Pol η), or the double mutant D652A-ΔPIP Dead Pol η (XPV+Flag-D652A-ΔPIP-Dead Pol η) were analyzed by immunoblotting for the detection of Pol η, P-Chk1(ser 345), Chk1, and actin as loading control. The detection of Pol η was performed with Pol η antibodies (Abcam) in extracts from XPV+WT Polη, XPV+Dead Pol η, and XPV+Flag-D652A-Dead Pol η while the XPV+Flag-ΔPIP-Dead Pol η and the XPV+Flag-D652A-ΔPIP-Dead extracts were blotted with the FlagM2 antibody because the ΔPIP mutants are not recognized by the Pol η antibody (Abcam). Extracts from XPV cells treated with UV (20J/m^2^, 6 h) serves as positive control for Chk1 phosphorylation.](JCB_201207066_Fig4){#fig4}

The presence of a catalytically inactive Pol η induces a replication stress that strongly activates the replication checkpoint
------------------------------------------------------------------------------------------------------------------------------

To further demonstrate that Pol η acts at stalled forks during S phase, and that the catalytic activity is required for its cellular function, we expressed the catalytic inactive form of Pol η (Dead Pol η) in Pol η--deficient cells, and we evaluated the manifestations of replicative stress. We found that expression of the Dead Pol η in XPV cells (two independent stable cell clones were analyzed, XPV+Dead-Polη 1 and XPV+Dead-Polη 2), and not the WT Pol η strongly activated the replication checkpoint revealed by enhanced Chk1 phosphorylation ([Fig. 4 C](#fig4){ref-type="fig"}). In agreement with this result, chromatin fractionation followed by immunoblotting showed hyperloading of RPA to chromatin specifically in cells expressing the Dead Pol η ([Fig. 4 D](#fig4){ref-type="fig"}), indicative of endogenous ssDNA accumulation due to fork stalling. To further investigate the molecular basis of the recruitment of the Dead Pol η at stalled forks, we repeated the experiments with cells expressing Dead Pol η forms carrying mutations in the ubiquitin-binding domain (UBZ) or in the C-terminal PCNA-interacting protein (PIP) motif, two domains of Pol η critical for its recruitment to chromatin in the TLS process facilitating the bypass of blocking lesions, thereby rescuing DNA replication and preventing fork collapse ([@bib18]; [@bib3]). The UBZ mutation consists of a D-to-A substitution at position 652 (D652A) and the PIP mutation consists of a deletion of the last nine amino acids (ΔPIP; [@bib33]). In contrast to the Dead Pol η, we found that the D652A, ΔPIP, and D652A-ΔPIP mutants do not form spontaneous foci when stably expressed in XPV cells, and accordingly we showed that the replication checkpoint was abolished in XPV cells stably expressing these three mutants ([Fig. 4 E](#fig4){ref-type="fig"}; [Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201207066/DC1){#supp5}). Collectively, these data suggest that the catalytically inactive Pol η exerts a dominant-negative effect by being recruited but then being unable to work and that the recruitment of Dead Pol η to stalled forks in unstressed S phase requires both the UBZ and PIP domains, similarly to its enrollment for TLS.

Moreover, we found that all S phase nuclei with Dead Pol η foci are positive for γ-H2AX, an indicator of DNA strand breakage, and all Dead Pol η foci colocalized with γ-H2AX foci ([Fig. 5 A](#fig5){ref-type="fig"}), suggesting that the presence of the inactive Pol η induces prolonged fork arrest and collapse. Because homologous recombination (HR)--related processes have a central function in the recovery of stalled or collapsed replication forks ([@bib1]), we speculated that expression of the Dead Pol η could stimulate the recruitment of HR proteins and induce HR processes. Thus, we performed double immunostaining experiments, and found that indeed Dead Pol η, but not WT Pol η, formed foci that colocalized with the HR RAD51 and BRCA1 proteins ([Fig. 5 A](#fig5){ref-type="fig"}). Next, we measured spontaneous sister chromatid exchange (SCE), the cytogenetic consequence of an HR event during DNA replication ([@bib37]), whose baseline level directly reflects the integrity of this process ([@bib39]). Comparison of SCEs between control cells and cells expressing WT Pol η revealed no significant difference in the formation of spontaneous SCEs ([Fig. 5 B](#fig5){ref-type="fig"}). In contrast, we observed a significant increase in SCEs in cells expressing Dead Pol η ([Fig. 5 B](#fig5){ref-type="fig"}). We then assessed CFS instability by using a FISH (fluorescence in situ hybridization)--based assay in order to quantify the fraction of rearrangements (translocations, amplifications, deletions) that localized to the fragile site 7q32.3 (FRA7H) with a FRA7H probe. As shown in [Fig. 5 C](#fig5){ref-type="fig"}, we observed a significant twofold increase in FRA7H expression in cells expressing Dead Pol η as compared with control cells and cells expressing a similar level of WT Pol η (Fig. S5 B), supporting that part of replication stress induced by the recruitment of the Dead Pol η arose at CFSs. Finally, we found that expression of the Dead Pol η, and not the WT Pol η, strongly stimulated cell apoptosis, revealed by enhanced proteolytic cleavage of caspase-3 (Fig. S5 C). Taken together, these results suggest that the catalytically inactive Pol η is recruited at CFSs, but because of its higher residence time linked to its inability to synthesize DNA, it impedes access of endogenous Pol η or alternative fork rescue proteins, hence intensifying replication stress, resulting in CFS instability, and exacerbating checkpoint response triggering cell death.

![**Expression of Dead Pol η stimulates homologous recombination and results in CFS instability.** (A) Pol η (green), γH2AX (red), BRCA1 (red), and Rad51 (red) foci formation were revealed by immunofluorescence in U2OS cells transiently transfected with pcDNA-Flag-Dead Pol η. Triton preextraction was performed before fixation. Images obtained from confocal analysis show the colocalization of each protein with Dead Pol η. Bars, 10 µM. (B) Sister chromatid exchange analyses in U2OS cells transiently transfected with pcDNA (empty vector), pCDNA-Flag-WT Pol η, or pcDNA-Flag-Dead Pol η cells were labeled with BrdU for 45 h and treated with Karyomax for 3 h. Metaphases were spread on a glass slide and stained with Hoechst as described in Materials and methods. Differential incorporation of BrdU in each chromatid is obtained after DAPI staining and sister chromatid exchange (noted with arrows; bar, 10 µM) is scored (\>3,000 chromosomes, 3 independent experiments). Standard deviations are indicated by error bars. The statistical significance was assessed using *t* test; \*, P = 0.042. (C) Quantification and illustration of the expression of the common fragile site FRA7H (translocations, amplifications, deletions) analyzed by FISH in WT and Dead Pol η--expressing U2OS cells (3 experiments; *n* \> 20 metaphases; standard deviations are indicated by error bars). The statistical significance was assessed using *t* test; \*, P = 0.017. Red, FRA7H probe; green, chromosome 7 centromeric probe. Bar, 10 µM (2 µM, insets).](JCB_201207066_Fig5){#fig5}

Discussion
==========

Replication forks commonly encounter DNA sequences that are intrinsically difficult to replicate, such as natural pause sites ([@bib40]; [@bib6]). CFSs, relatively large regions of chromosomal DNA that can be replicated in late S phase and are prone to breakage ([@bib12]), may represent endogenous replication barriers within the human genome. CFSs are particularly relevant in cancer development, as recent results from the cancer genome project revealed that a significant fraction of somatic homozygous deletions in human cancer are associated with these fragile genomic regions ([@bib5]) and CFS rearrangements are observed in the earliest stages of the cancer development ([@bib2]; [@bib15]). Apart from challenging the integrity of replication forks per se, replisome stalling within CFSs may increase the probability of leaving fractions of the genome incompletely replicated or with unresolved replication intermediates, consequently increasing the proportion of cells entering cell division with uncompleted DNA replication. Therefore, replication barriers may represent sequences at risk for structural rearrangements, providing an endogenous source of chromosomal instability.

The known molecular mechanisms affecting CFS stability seem to be focused around two critical aspects of the replication program: the frequency of initiation events in the vicinity of CFSs ([@bib20]) and the efficiency of replication fork progression ([@bib35]; [@bib17]). In a chromosomal region with a paucity of active origins, replication forks have to travel through very long distances, increasing the probability of encountering subregions with the potential to form non-B DNA secondary structures ([@bib41]), which constitute a challenge to fork movement. This is well illustrated by recent data indicating that under conditions of mild replication stress, there are few, if any, new origins to rescue the inherently slow progression of the replication fork ([@bib29]). Thus, chromosomal instability at some fragile sites may result from multiple factors, including the structural complexity of the DNA sequence, the generation of paused or stalled replication forks, and the activation of additional origins of replication under normal physiological conditions.

We provide here unprecedented insights supporting that in unstressed cells or after partial inhibition of the replicative DNA polymerases, Pol η is recruited to stalled forks within CFSs and efficiently synthesizes DNA through non-B DNA structures, thus preventing under-replicated CFS DNA in mitosis.

We propose the following model to explain our results, based on the assumption that specific CFS subregions may impede replication fork progression ([Fig. 6](#fig6){ref-type="fig"}). Such subregions can include DNA sequence contexts that compromise processive synthesis by replicative polymerases such as Pol δ ([Fig. 2](#fig2){ref-type="fig"}). Pausing of replicative DNA polymerases or unequal rates of leading/lagging strand synthesis may cause partial uncoupling of the replicative helicase and polymerase activities, resulting in the production of ssDNA tracts. In DNA sequences able to adopt stable non-B DNA secondary structures, the intramolecular folding into non-B structures is expected to be favored in the absence of competition from the complementary strand. The resulting structured DNA may then act as further structural impediments to the replicative DNA polymerases. As a consequence, Pol η may be required for efficient synthesis through these structures to avoid incompletely replicated regions or unresolved replication intermediates. We provide evidence that the recruitment of Pol η in this process requires both the UBZ and PIP domains, similarly to its enrollment for TLS ([Fig. 4 E](#fig4){ref-type="fig"}).

![**A model for the role of Pol η at stalled forks within CFS.** In particular structured DNA containing subregions of CFSs that impede fork progression, slowdown or arrest of the replicative DNA polymerases causes partial functional uncoupling of the MCM helicase and the stalled replicative DNA polymerase activities, resulting in production of short stretches of ssDNA. In DNA sequences able to adopt stable secondary structures, intramolecular folding could be formed. (A) In wild-type cells, Pol η is recruited and can perform DNA synthesis through these structures, preventing unresolved replication intermediates. (B) In the absence of Pol η, this DNA synthesis through non-B DNA can be partially rescued by alternative factors (left), but a subpopulation of stalled forks escape to this rescue pathway, generating under-replicated ssDNA after further uncoupling between polymerases and helicases in a checkpoint-blind manner, which persists into mitosis (right). (C) In the presence of inactive Dead Pol η, no DNA synthesis through structured DNA is possible by endogenous Pol η or alternative factors, causing persistent fork stalling, increased uncoupling, ssDNA accumulation, and activation of the replication checkpoint or fork collapse.](JCB_201207066_Fig6){#fig6}

We discovered that the low replication stress induced by the absence of Pol η escapes the replication checkpoint; in contrast, the checkpoint is over-activated when the Dead Pol η is expressed. Our interpretation of these results is that Pol η could function at the fork as part of the replisome and that an alternative pathway can perform DNA synthesis at structured DNA within CFSs in the absence of Pol η, whose accessibility is inhibited in the presence of Dead Pol η. This subtle and more focused role of Pol η could explain why the effect of Pol η depletion is mild compared with ATR deficiency, which leads to a major global checkpoint defect.

The efficiency of Pol η synthesis through structured DNA may be explained by specific structural features of the polymerase itself. Indeed, a recent study showed that interfacial residues of the back of the little finger subdomain of Pol η interact with a neighboring DNA molecule ([@bib4]). The authors of this study suggest that the back of the little finger of Pol η may be a downstream DNA-binding site, and the little finger subdomain of Pol η may serve as a wedge to separate non-B form DNAs, and aid the molecular splint to complete replication through structured DNA. It would be interesting in the future to evaluate the importance of these interfacial residues for the Pol η function at CFSs.

Why should the cell use an error-prone DNA polymerase to carry out specialized DNA synthesis that is necessary to maintain genomic stability? Possibly, Pol η synthesis is restricted to a very short stretch of CFS sequence. The decreased accuracy of Pol η for base substitution errors may be a price worth paying in order for the cell to complete fork progression through structured DNA, avoiding fork stalling and DNA breakage, which is potentially more detrimental to genome integrity.

In conclusion, the cell lifespan depends on a subtle equilibrium between accurate genomic DNA synthesis, necessary for duplication of the genotype before chromosomal partitioning during mitosis, and less stringent DNA transactions involving the TLS DNA polymerases, necessary for cells to tolerate not only exogenous insults, but also endogenous structural DNA perturbations, which could be a necessary "flexibility" process.

Materials and methods
=====================

Cell culture and treatments
---------------------------

U2OS cell line (American Type Culture Collection) was cultured in DMEM (Gibco) supplemented with 10% FBS (Lonza), penicillin, and streptomycin. 150 µg/ml hygromycin B was added to the medium for mock-depleted, Pol η-depleted U2OS cells, and U2OS cells stably expressing Flag-Pol eta WT or Flag Pol eta Dead. XP30RO cells (from a patient who carries a POLH gene deletion that leads to truncation of Pol η at residue 35) were grown in α-MEM medium (Gibco) supplemented with 10% FBS (Lonza), penicillin, and streptomycin. Stable clones expressing WT or Dead Pol eta in XP30RO cells were maintained in α-MEM medium containing 100 µg/ml zeocin (InvivoGen). Cells were grown in a 5% CO~2~, 37°C incubator. Transient expression of WT or Dead Pol η was obtained 48 h after (pcDNA 3.1 Flag-Pol eta WT or pcDNA 3.1 Flag-Pol eta Dead) vector transfection using JetPEI (Polyplus Transfection). 0.2 µM Aphidicolin (Sigma-Aldrich) was added to the culture medium for 24 h, as indicated. The siRNAs used were: ATR: Ambion Silencer-Select (siRNA ID s536), sense sequence (5′-UUGUAGAAAUGGAUACUGA-3′). SMC2: Ambion Silencer-Select (siRNA ID s20794), sense sequence (5′-CUAUCACUCUGGACCUGGA-3′). SiCTRL (against luciferase; Sigma-Aldrich) 5′-CGUACGCGGAAUACUUCGA-3′. 50-nM siRNA duplexes were transfected into U2OS cells using Lipofectamine 2000 (Invitrogen).

Generation of mutant Pol η
--------------------------

D652A, ΔPIP (deletion generated by introducing a stop codon at position 705 promoting a deletion of the last nine amino acids of the Polη protein), and the double mutant D652A-ΔPIP mutations were generated in pCDNA 3.1/Hygro Flag-Dead Pol η ([@bib31]). XP30RO cells were stably transfected with the different constructs (JetPEI; Polyplus Transfection) and selected in the presence of 150 µg/ml hygromycin (Invitrogen).

Chromatin immunoprecipitation (ChIP)
------------------------------------

Formaldehyde was added to the culture medium to a final concentration of 1% and cross-linking was allowed to proceed for 15 min at room temperature. To stop the reaction, glycine was added to a final concentration of 0.125 M for 10 min. Cells were washed with PBS, harvested by scraping before being lysed in the buffer: 5 mM Pipes, pH 8, 85 mM KCl, and 0.5% NP-40. Nuclei were then incubated in nuclear lysis buffer (50 mM Tris-HCl, pH 8.1, 10 mM EDTA, and 1% SDS) and chromatin was sonicated (Branson Sonifier 250) to obtain DNA fragments of ∼500--1,000 bp. Diluted samples were then subjected to a 1-h preclearing with blocked protein A and protein G beads (Sigma-Aldrich). For each condition, 200 µg of the precleared samples were immunoprecipitated overnight at 4°C using 2 µg of rabbit polyclonal anti-Pol η (ab17725; Abcam), and 2 µg of rabbit polyclonal anti IgG as negative control (mock; Cell Signaling Technology). Immune complexes were then recovered by incubating the samples with blocked protein A/protein G beads for 2 h at 4°C. Beads were washed once in dialysis buffer (2 mM EDTA, 50 mM Tris-HCl, pH 8, and 0.2% Sarkosyl), five times in wash buffer (100 mM Tris-HCl, pH 8.8, 500 mM LiCl, 1% NP-40, 1% NaDoc). The bead/chromatin complexes were resuspended in 200 µl of TE buffer (10 mM Tris-HCl, pH 8, and 0.5 mM EDTA, pH 8). Cross-link was reversed by adding 0.5% SDS and RNase A to the samples and incubating overnight at 70°C. After a 2-h proteinase K treatment, DNA was purified with phenol/chloroform and precipitated. ChIPs were analyzed by real-time qPCR using primers proximal to several breakpoint sites within CFSs and to nonfragile regions within GAPDH and DHFR. Primer sequences are as follows: DHFR, sense 5′-GCCATCCTTCAACGCAATAAGTACG-3′, anti-sense 5′-GAATTCATGAAAACGTAGCTCGTCC-3′; GAPDH: sense 5′-CCCTCTGGTGGTGGCCCCTT-3′, anti-sense 5′-GGCGCCCAGACACCCAATCC-3′; FRA7H.1: sense 5′-TAATGCGTCCCCTTGTGACT-3′, anti-sense 5′-GGCAGATTTTAGTCCCTCAGC-3′; FRA7H.2: sense 5′-TGAGCCATTCTGTCACCAAG-3′, anti-sense 5′-AACCTTCCTACTGCCTGCTG-3′; FRA16D: sense 5′-TCCTGTGGAAGGGATATTTA-3′, anti-sense 5′-CCCCTCATATTCTGCTTCTA-3′; FRA3B: sense 5′-TGTTGGAATGTTAACTCTATCCCAT-3′, anti-sense 5′-CATATCTCATCAAGACCGCTGC-3′.

In vitro primer extension assay on CFS sequences
------------------------------------------------

Recombinant human four-subunit polymerase δ was expressed in Sf9 insect cells using a baculovirus vector containing POLD1, 2, 3, and 4 genes, and purified by fast protein liquid chromatography ([@bib42]). Human polymerase η was purchased from Enzymax. FRA16D and FRA3B sequences were obtained from GenBank accession nos. [AF217490](AF217490) and 183583557. Sequences predicted to form non-B DNA structures were identified within the reference sequences for FRA16D and FRA3B using the non-B DNA database (<http://nonb.abcc.ncifcrf.gov>). Oligonucleotides corresponding to CFS sequences were converted to double-stranded fragments using T7 DNA polymerase and cloned into the BamH1 site of the pGEM3Zf(−) vector (Promega; [@bib36]). To produce single-stranded DNA templates, F' *Escherichia coli* carrying the pGEM vectors were infected with R408 helper phage, and single-stranded DNA was purified from phage particles by phenol-chloroform extraction. Primer extension reactions were performed with 100 fmol primed, single-stranded DNA and excess DNA polymerase, ranging from 500 fmol to 1 pmol. Amounts of Pols δ and η used in primer extension reactions were determined by titration on the control CFS template, in order to achieve 80--85% transit past the CFS region by reaction completion (15-min time point) and to ensure that percent transit was similar between the two polymerases at each time point (to control for differences in polymerase activity). The standard reaction buffer for both polymerases was identical, and contained 25 mM KPO~4~, pH 7.6, 5 mM MgCl~2~, 2.5 mM DTT, 0.2 mg/ml nonacetylated BSA, and 250 µM dNTPs. DNA template and buffer were preincubated at 37°C for 3 min and reactions initiated by addition of polymerase. Reactions were terminated by addition of an equal volume of stop dye at indicated time points. For quantification, the percent transit was calculated as \[(number of products in 3′ region)/(number of products in CFS + 3′ region)\], and the normalized percent transit was calculated as: (percent transit on the template of interest/percent transit on the control template). Statistical significance was determined by *t* test analysis.

Sequences predicted to form non-B DNA structures within FRA16D and FRA3B sequences
----------------------------------------------------------------------------------

The location of each sequence within the reference genome is given in parentheses. Control CFS template (FRA16D, 199256--199392): 5′-AAAACTTCTGGTTTAACAAGGTAGACCTTTTTAAATTCGTTGTTTTATTTGTTTCATCATATCCTGAATATTGTATTTCGTATTTTATTTACAGGTACTCACATGGCACTATCTTTATTTACTAATTTATTTATTTACGTACGGCGTTGCGC-3′; FRA16D template 1 (191565--191712): 5′-AGAGTACAGAGTCGGAGGGTTCATCGACCCTGATGTTCCCGTCCGGGGGTACGTACCGATGTATATATATATATATATATATATATATATATATATATATAAATATATATGAAAAAAAAAAAAAAAAAAAAAAAAAAAATCATCTTTA-3′; FRA16D template 2 (191713--191860): 5′-GATATACACCTGGAGTGTGTGCCCTTTTCTACTTGCATTACACTTTTTTTTTTTTTTTTTTTGAGATGGCGTCTTGCTCTGTTGCCCAGGCTGGAGTGCAGTGGCGATCTCAGCTTACTGCAACCTCCGACTCCCAGGTTCAAGCGAT-3′, FRA3B template (837821--837929; 837963--838030): 5′-TTTTTTTTTTTTTTTTTTTTTTCAACCCTCCCAATTAATCAACTGAAAGTCAATTGACATCCTTCTCAATCCAAGTTATGGTAAATTCTTTTCGTTCTTTTTATACATATGTGCATATATATATATATATATATATATATATATATATATATATATATATATATGTGTGT-3′. The potential for the insert sequences to form thermodynamically stable hairpin structures was determined by Mfold analysis (<http://mfold.rna.albany.edu/?q=mfold>).

FRA16D template 1 contains a mononucleotide \[A\]28 repeat with the potential to form bent DNA ([@bib19]; [@bib38]) and slipped strands, and an interrupted \[TA\]24 repeat predicted to form a hairpin structure. FRA16D template 2 contains a \[T\]19 repeat capable of forming bent DNA and slipped strands, and an interrupted inverted repeat (IR) of 36 bases predicted to form a stable hairpin structure. The FRA3B template contains a \[T\]22 repeat capable of forming bent DNA and slipped strands, and a \[TA\]25 repeat predicted to form a hairpin structure. Finally, the control CFS template is AT rich (75%), but does not contain any repeat structures with non-B DNA structure potential.

Polymerase η fidelity assay
---------------------------

Polymerase η reactions were performed as described above using 2 pmol unlabeled, G40-primed, single-stranded FRA16D template 2 and 20 pmol human Pol η. Reactions were incubated for 60 min at 37°C. Products were restriction digested with BamHI, agarose gel purified, ligated into the pGem3zf(−) vector, and transformed into DH5α *E. coli*. Plasmid DNA was isolated from random clones, and the sequences determined using the M13R primer. Reactions with human four-subunit polymerase δ were performed using two reaction conditions: standard reaction conditions, using 1 pmol template DNA, 5 pmol PCNA, and 10 pmol polymerase δ; and reaction conditions established for RFC loading of PCNA, using 1 pmol DNA template, 0.5 pmol RFC, 4 pmol PCNA, and 3 pmol polymerase δ. Reaction products were cloned and sequenced as for Pol η reactions. For comparison, control reactions were also performed with 5 U exonuclease-deficient Klenow (USB) and 1 pmol DNA template, and clones were sequenced as above.

CFS-delayed replication experiments using EdU incorporation
-----------------------------------------------------------

CFS-delayed replication was examined using an in situ 5-ethynyl-2'-deoxyuridine (EdU) incorporation assay. Cells grown on glass coverslips were left untreated or treated with 0.2 µM APH for 24 h and labeled with 10 µM EdU for 45 min before fixation. Cells were fixed in PBS containing 4% paraformaldehyde for 15 min and then permeabilized in PBS/0.5% Triton X-100 for 20 min. EdU was detected by click reaction using the Click-iT EdU Imaging kit (Invitrogen), according to the manufacturer's instructions. Images were acquired at 20°C in Vectashield mounting medium (Vector Laboratories) using a microscope (Axio Imager Z1; Carl Zeiss) with a Plan Apochromat 63×/1.4 NA objective, equipped with an Orca-ER CCD camera (Hamamatsu Photonics). A series of 0.24-µm Z-stack images was collected and orthogonal projections were reconstituted using the Axiocam software.

Immunofluorescence and microscopy
---------------------------------

Cells were grown on glass coverslips and fixed with 4% paraformaldehyde (PFA) for 15 min at RT followed by incubation with 0.5% Triton X-100 in PBS for 10 min at RT or preextracted for 5 min in CSK (10 mM Pipes, pH 7.5, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl~2~, and 1× HaltTM protease/phosphatase inhibitors \[Thermo Fisher Scientific\]) with 0.5% Triton X-100 before PFA fixation. After fixation cells were washed in PBS and blocked with 5% goat serum (Sigma-Aldrich) in PBS. Cells were incubated with primary antibodies (1 h at RT) in PBS, washed with PBS, and then incubated with Alexa Fluor 488 or 555 goat anti--mouse or anti--rabbit (1:1,000; Molecular Probes) for 1 h at RT in PBS. DNA was counterstained with DAPI in Vectashield mounting agent (Vector Laboratories). Rabbit polyclonal antibodies were as follows: Pol η (1:200, ab 17725; Abcam), PCNA (1 µg/ml, ab 18197; Abcam), phospho-histone H2AX (ser138, 1:50, 2577; Cell Signaling Technology), Rad51 (1:500, P1C130; EMD Millipore), 53BP1 (1:200, ab21083; Abcam), FANCD2 (ab2187; Abcam), and phospho-histone H3 (ser10; EMD Millipore). Mouse monoclonal antibodies were as follows: anti-FLAG M2 (1:100; Sigma-Aldrich), anti BRCA1 (1:100, D-9; Santa Cruz Biotechnology, Inc.), and RPA (1 µg/ml, Ab-2; EMD Millipore). Image acquisition of multiple random fields were performed at 20°C on a wide-field microscope (63×, type PL, NA 1.25; or 20×, type HC PL, NA 0.5 objectives; model DMLA, Leica), using a CCD camera (Cool-Snap HQ; Photometrics) driven by PM Capture Pro 6.0 (Photometrics). For confocal images, cells were analyzed at 20°C on a microscope (100×, type HCX PL APO, NA. 1.4 with the TCSNTV acquisition software; model SP2, Leica).

Cell extracts and immunoblotting
--------------------------------

For whole-cell extracts, cells were lysed (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 1% Triton X-100, 5 mM EDTA, and 1 mM DTT supplemented with Halt protease and phosphatase inhibitors 1× \[Thermo Fisher Scientific\]) for 30 min at 4°C and sonicated. Chromatin fractionation was performed as in [@bib44] with the following modifications: solution A (10 mM Pipes, pH 7, 300 mM sucrose, 3 mM MgCl~2~, 150 mM NaCl, 1 mM EGTA, 1 mM DTT, 0.1%, Triton X-100, 0.5 µg/ml pepstatine, and 1× to 3× HaltTM protease/phosphatase inhibitors \[Thermo Fisher Scientific\]) was used. Whole-cell extracts and fractionated extracts were boiled in loading buffer (250 mM Tris-HCl, pH 6.8, 5% SDS, 30% glycerol, 20% β-mercaptoethanol, and bromophenol blue). Proteins were separated on 8 or 10% SDS-PAGE gel and electro-transferred (Bio-Rad Laboratories) on PVDF membranes (GE Healthcare). Blots were detected by ECL Western Blotting Substrate (Perbio Science). We used primary antibodies against Pol η (Abcam), FlagM2 (Sigma-Aldrich), phosphorylated Ser 345-Chk1 (Cell Signaling Technology), Chk1 (Santa Cruz Biotechnology, Inc.), PCNA (Abcam), RPA (EMD Millipore), ORC2 (MBL), FANCD2 (Santa Cruz Biotechnology, Inc.), α-tubulin (Sigma-Aldrich), actin (EMD Millipore), vinculin (Abcam), caspase-3 (Cell Signaling Technology), ATR (Cell Signaling Technology), SMC2 (Abcam), and MCM7 (Santa Cruz Biotechnology, Inc.).

Sister chromatid exchange (SCE)
-------------------------------

Cells were treated with BrdU at 10 µg/ml for two cell generations (45 h). Cell accumulation in metaphase was induced with karioMax-Colcemid (Gibco) treatment at 10 µM for 3 h. Cells were collected and incubated in hypotonic buffer (50 mM KCl) for 10 min at 37°C. Cells were fixed in cold methanol/acetic acid (3:1) and spread on a glass slide. Slides were incubated in the dark with 12.5 µg/ml Hoechst 33258 for 20 min, followed by ultraviolet exposure (312 nm) for 2 h in the presence of 2× SSC and then incubated in 2× SCC at 60°C for 20 min. Slides were washed and stained with DAPI before mounting in Vectashield medium (Vector Laboratories). Image acquisition of multiple random fields was performed at 20°C on a wide-field microscope (100× objective, 0.5--1.3 oil iris; Eclipse TE300, Nikon), using a digital camera (DXM1200; Nikon) driven by ACT1 software (Nikon).

FISH analysis
-------------

Cells were treated with 0.1 µg/ml colcemid (Gibco) for 3 h. Cell pellets were resuspended in hypotonic solution (0.05 M KCl) and incubated for 15 min at 37°C. Cells were then fixed in a methanol/acetic acid solution (3:1). Cell suspension was dropped on slides to obtain spread chromosomes. The BAC 36B6 (RP-11) probe (FRA7H locus) was labeled with the BioPrime DNA Labeling System kit (Invitrogen), purified using the PCR purification kit (QIAGEN), and ethanol precipitated with 0.1 µg/µl human Cot-1 DNA (Invitrogen) overnight at −20°C. Precipitated DNA was incubated for 1 h at 37°C in hybridization mix. Metaphase slides were incubated with Rnase (10 µg/ml in 2× SSC) for 1 h at 37°C followed by dehydration in a successive ethanol bath (70, 85, and 100%). The probe was applied on metaphases, denatured for 8 min at 70°C and hybridized over night at 37°C. Indirect labeling of the probe was obtained by successive layers of Alexa Fluor 555--conjugated streptavidin (Molecular Probes), biotin-conjugated anti-streptavidin (Rockland), and Alexa Fluor 555--conjugated streptavidin. A human green-labeled chromosome 7--specific centromeric probe was also used according to the supplier's recommendations (Abbot Molecular). Image acquisition of multiple random fields was performed at 20°C in Vectashield mounting medium (Vector Laboratories) on a wide-field microscope (63× objectives, type: PL, NA 1.25; model DMLA, Leica), using a CCD camera (Cool-Snap HQ; Photometrics) driven by PM Capture Pro 6.0 (Photometrics).

Online supplemental material
----------------------------

Fig. S1 shows that Dead Pol η is also recruited on FRA3B CFS (A), the effect of replication accessory factors on Polδ synthesis (B and C), and the fidelity of Pol δ and Pol η through FRA16D template (D--F). Fig. S2 demonstrates that EdU incorporation was observed in mitotic cells (A) and that Pol η depletion doesn't influence FANCD2 monoubiquitination after APH treatment (B). Fig. S3 shows large field microscopy images of 53BP1 and Cyclin A labeling in the different cell lines and conditions. Fig. S4 contains a replica of [Fig. 3 C](#fig3){ref-type="fig"} and shows the effect of ATR and SMC2 depletion on 53BP1 body formation in G1 U2OS cells. Fig. S5 shows an additional experiment of [Fig. 5 E](#fig5){ref-type="fig"} with independent cellular clones (A), microscopy images of Pol η labeling in cells used for FISH experiment (B), and apoptosis induction after Dead Pol η expression (C). Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201207066/DC1>. Additional data are available in the JCB DataViewer at <http://dx.doi.org/10.1083/jcb.201207066.dv>.
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